Background and Purpose-Deferoxamine (DFX) reduces brain edema, neurological deficits, and brain atrophy after intracerebral hemorrhage (ICH) in aged and young rats. Our previous study found that 50 mg/kg is an effective dose in aged rats. In the present study, we explored potential therapeutic time windows and optimal therapeutic durations. Methods-Aged male Fischer 344 rats (18 months old) sustained an intracaudate injection of 100 L autologous whole blood, followed by intramuscular DFX or vehicle beginning at different time points, or continuing for different durations. Subgroups of rats were euthanized at day 3 for brain edema measurement and day 56 for brain atrophy determination. Behavioral tests were performed on days 1, 28, and 56 after ICH. Results-Systemic administration of DFX, when begun within 12 hours after ICH, reduced brain edema. DFX treatment started 2 hours after ICH and administered for Ն7 days attenuated ICH-induced ventricle enlargement, caudate atrophy, and neurological deficits. DFX attenuated ICH-induced brain atrophy and neurological deficits without detectable side effects when begun within 24 hours and administered for 7 days. Conclusions-To the extent that these results can be translated to humans, the therapeutic time window and the optimal duration for DFX in this aged rat model of ICH may provide useful information for an ongoing DFX-ICH clinical trial. (Stroke. 2010;41:375-382.)
I
ntracerebral hemorrhage (ICH) is a common and often fatal subtype of stroke that produces severe neurological deficits in survivors. 1, 2 Experiments have shown that iron plays an important role in ICH-induced edema formation, neuronal death, brain atrophy, and behavioral deficits. [3] [4] [5] Iron chelation with deferoxamine (DFX) could be a new therapy for ICH. 6, 7 Studies in our laboratory have found that DFX reduces ICH-induced or hemoglobin-induced brain edema, neuronal death, neurological deficits, and brain atrophy in young rats 8 -10 and reduces brain injury after ICH in young pigs. 11 It is well-known that age is an important factor affecting brain injury after ischemic and hemorrhagic stroke. Our recent study indicated that DFX Ͼ10 mg/kg can reduce ICHinduced brain damage in aged rats. 12 To translate DFX therapy from animal models to ICH patients, it is important to examine potentially therapeutic time windows and durations. We have found that DFX treatment begun within 6 hours, but not 24 hours, after ICH reduces ICH-induced brain edema in young rats. 8 In the present study, we examined DFX treatment windows for acute edema formation and delayed brain atrophy after ICH in aged rats. Effective therapeutic durations were also examined.
Materials and Methods

Animal Preparation and Intracerebral Infusion
Animal use protocols were approved by the University of Michigan Committee on the Use and Care of Animals. A total of 153 18-monthold male Fischer 344 rats (weight, 380 -450 grams; National Institutes of Health, Bethesda, Md) were used in this study. Rats were anesthetized with pentobarbital (45 mg/kg, intraperitoneal). The right femoral artery was catheterized for continuous blood pressure monitoring and blood sampling. Blood was obtained from the catheter for analysis of blood pH, PaO 2 , PaCO 2 , hematocrit, and blood glucose. Core temperature was maintained at 37°C with use of a feedback-controlled heating pad. Rats were positioned in a stereotactic frame (Kopf Instruments), and a cranial burr hole (1 mm) was drilled on the right coronal suture 3.5 mm lateral to the midline. A 26-gauge needle was inserted stereotactically into the right basal ganglia (coordinates: 0.2 mm anterior, 5.5 mm ventral, 3.5 mm lateral to the bregma). Autologous whole blood (100 L) was injected at a rate of 10 L/min using a microinfusion pump. Sham controls had only an intracerebral needle insertion. After injection, the needle was removed, the burr hole was filled with bone wax, and the skin incision was closed with sutures.
Experimental Groups
A DFX concentration of 50 mg/kg was selected for this study. There were 3 sets of experiments. In the first set, DFX or vehicle (nϭ12) was injected intramuscularly 2, 4, 12, or 18 hours (nϭ9 for each) after ICH. A second injection was performed 4 hours after the first injection, and then DFX or vehicle was administrated every 12 hours for 3 days. Rats were euthanized 3 days after ICH, and brain edema was measured.
In the second set, rats were treated with DFX 2 and 6 hours after ICH, and then every 12 hours for either 2, 5, 7, or 14 days (nϭ9 for each) or treated with vehicle (nϭ12). Sham rats were treated with DFX (nϭ3) or vehicle (nϭ3) for 14 days. T 2 -weighted magnetic resonance images were taken at 2 months after ICH, after which the rats were euthanized for brain atrophy assessment. Behavioral tests were undertaken before surgery and at 1, 28, and 56 days after ICH. Body weight and mean arterial blood pressure were measured at 1, 3, 7, 14, 21, 28, 42, and 56 days after surgery.
In the last set of experiments, rats were treated with DFX starting at 2, 4, 12, 24, or 48 hours (nϭ9 for each) after ICH or administered vehicle (nϭ12), and then a second injection was administered after a further 4 hours, followed by an injection every 12 hours for 7 days. Brain atrophy and behavioral and physiological assessments were undertaken as in the second set of experiments.
Body weight changes were calculated as: % change in body weight ϭ (body weight at each time point Ϫ initial body weight)/ initial body weight. Mean arterial blood pressure was measured using tail-cuff plethysmography (IITC Life Science). 12 
Brain Water and Ion Contents
Animals were reanesthetized, the was brain removed, and a coronal tissue slice (3-mm-thick) 4 mm from the frontal pole was cut. Five tissue samples from each brain were obtained: the ipsilateral and contralateral cortex, the ipsilateral and contralateral basal ganglia, and the cerebellum. Brain samples were immediately weighted to obtain the wet weight. Brain samples were dried at 100°C for 24 hours to obtain the dry weight and water content calculated as: (wet weight Ϫ dry weight)/wet weight. The dehydrated samples were digested in 1 mL of 1 mol/L nitric acid for 1 week. Sodium and potassium contents of this solution were measured by flame photometry. Sodium and potassium ion contents were expressed in microequivalents per gram of dehydrated brain tissue (mEq/kg dry weight). 13 
Behavioral Tests
ICH-induced neurological deficits were assessed using forelimb placing and corner turn tests. 14 Both forelimb placing and corner turn tests are sensorimotor behavioral tests that are sensitive to injury in sensorimotor cortex and basal ganglia. In the vibrissae-elicited forelimb placing test, independent testing of each forelimb was conducted by brushing the respective vibrissae on the edge of a table top once per trial for 10 trials. A score of 1 was given each time the rat placed its forelimb onto the edge of the table in response to vibrissae stimulation. The percentage of successful placing responses was determined. A higher score equates to better function.
For the corner turn test, the rat was allowed to proceed into a corner for which the angle was 30 deg. To exit the corner, the animal could turn to either the left or the right, and the direction was recorded. This task was repeated 10 to 15 times, and the percentage of right turns calculated. In control animals, the score is Ϸ50% and impairment leads to a greater percent of right turns.
Magnetic Resonance Imaging
MRI were performed at 2 months after ICH. Axial T 2 -weighted images were acquired. 12 Five MRI slices, from the slice showing the front tip of lateral ventricle to 5 mm posterior, were scanned on a computer. The bilateral ventricles were outlined for area measurement using Image J. Ventricle volume was obtained by combining the 5 ventricle areas and multiplying by the thickness (1 mm) of the sections. All measurements were repeated 3 times and the mean value was used. Ipsilateral ventricle volume was expressed as a percentage of contralateral.
Brain Atrophy Measurement
Rat brains were harvested for histology 8 weeks after ICH. 12 Brain atrophy was assessed morphometrically. Coronal sections from 1 mm posterior to the blood injection site were stained with hematoxylin and eosin and scanned. The caudate in each hemisphere was outlined on a computer and caudate size was measured using Image J as described in the MRI section. To minimize the influence of tissue shrinkage on atrophy measurement, the ipsilateral caudate was expressed as a percentage of the contralateral caudate.
Statistical Analysis
All data in this study are presented as meansϮSD. Data were analyzed with Student t test or 1-way analysis of variance (ANOVA). Differences were considered significant at PϽ0.05.
Results
Physiological Variables
All physiological variables were measured immediately before an intracerebral infusion. Mean arterial blood pressure, blood pH, PaO 2 , PaCO 2 , hematocrit, and blood glucose level were within normal ranges (Table) .
Mortality
Mortality rate after ICH was low in the aged rats. A total of 6 rats (3 vehicle-treated and 3 DFX-treated) died during the experiments, including 1 in the first set of experiments, 2 in the second set, and 3 in the third set.
DFX Therapeutic Time Window for Brain Edema Determination
The effect of DFX treatment on brain edema formation was assessed 3 days after ICH in the aged rats. When DFX 50 mg/kg administration was begun 2, 4, or 12 hours after ICH, perihematomal brain edema was significantly reduced compared to vehicle-treated rats (80.4%Ϯ0.5%, 80.5%Ϯ0.5%, 80.7%Ϯ0.5% vs 81.5%Ϯ0.8%, respectively; PϽ0.01; Figure  1A ). DFX treatment with an 18-hour delay, however, did not result in a significant brain water content reduction (81.0%Ϯ0.6% vs 81.5%Ϯ0.8% in the vehicle-treated group; Figure 1A ). The amelioration in ICH-induced edema formation with DFX was associated with reduced accumulation of sodium and reduced loss of potassium in the ipsilateral basal ganglia ( Figure 1B, C) .
Optimal Therapeutic Duration of DFX
To examine potential optimal durations of DFX therapy, behavior and brain atrophy were assessed after ICH. Systemic administration of DFX lasted for 2, 5, 7, or 14 days. All DFX-treated ICH rats, regardless of therapeutic durations, had reduced forelimb placing deficits at days 28 and 56 compared to vehicle-treated rats (PϽ0.01; Figure 2A ). DFX treatment for 7 days or 14 days reduced corner turn deficits.
However, DFX treatment for only 2 days or 5 days failed to reduce corner turn deficits significantly ( Figure 2B ).
To estimate brain atrophy, we measured ventricle enlargement and caudate tissue loss. T 2 -weighted MR imaging was performed at 2 months after ICH. MRI showed marked enlargement of the ipsilateral ventricle after ICH in vehicletreated rats ( Figure 3A ). When DFX treatment lasted for Ն7 days, ipsilateral ventricle enlargement was significantly reduced compared to the vehicle-treated group (PϽ0.05; Figure  3B , C). Atrophy of the ipsilateral compared to contralateral caudate was found in coronal brain sections stained with hematoxylin and eosin at 2 months after ICH in vehicletreated rats ( Figure 4A, C) . DFX treatment for 7 or 14 days significantly reduced the ipsilateral caudate atrophy compared to vehicle treatment (PϽ0.01; Figure 4B , C). DFX treatment for 2 days or 5 days failed to reduce brain atrophy significantly, although there was a tendency for less brain tissue loss in the DFX-treated animals ( Figures 3C and 4C ).
Blood pressure and body weight were monitored during the experiment to observe whether DFX causes adverse reactions. Blood pressure did not change significantly after ICH induction with or without DFX treatment (group mean values from 108 to 114 mm Hg). In all treatment groups, ICH induction and sham surgery caused a significant reduction in body weight (peaking at 7 to 14 days with a Ϸ10%-12% loss in vehicle-treated rats). When DFX treatment was continued for 14 days (but not 7 days) after ICH, body weight loss was slightly greater than in vehicle-treated rats at day 14 and 21 (Ϫ12.8%Ϯ1.0% vs Ϫ9.2%Ϯ2.4%, PϽ0.01; and Ϫ9.2%Ϯ1.7% vs Ϫ7.1%Ϯ2.5%; PϽ0.05). There was no effect of 14 days of DFX treatment in sham-operated rats. Taken together with the functional and tissue pathological data described, these data suggest that 7 days may represent a beneficial duration for DFX in this model without body weight side effects.
DFX Therapeutic Time Window for Brain Atrophy and Functional Outcome
Rats were treated with DFX for 7 days starting at 2, 4, 12, 24, or 48 hours after ICH to determine potentially beneficial DFX therapeutic time windows for long-term outcome, including brain atrophy and behavior. When DFX administration was begun within 24 hours, DFX improved both forelimb placing and corner turn scores significantly, compared to those in the vehicle-treated rats when tested at day 28 and day 56. A 48-hour delayed treatment, however, reduced neurological deficits at day 56 but failed to improve the behavioral score at day 28 ( Figure 5A, B) . DFX treatment, when delayed within 24 hours after ICH, also reduced the ipsilateral ventricle enlargement (eg, 244%Ϯ78% in ICHϩDFX 50 mg/kg 4 hour-delay group vs 503%Ϯ264% in ICHϩvehicle group; PϽ0.05; Figure 5C ), and reduced caudate tissue loss (eg, 83.5%Ϯ7.2% in ICHϩDFX 50 mg/kg 4 hour-delay group vs 75.9%Ϯ4.6% in ICHϩvehicle group; PϽ0.05; Figure 5D ). None of the 7-day DFX treatment paradigms affected body weight or blood pressure. 
Discussion
There are several important findings in this study. First, the therapeutic window of DFX for acute perihematomal brain edema formation is Ϸ12 hours. Second, the DFX treatment window for long-term brain atrophy is Ϸ24 hours. Third, the optimal therapeutic duration is Ϸ7 days. Our previous study showed that DFX can reduce ICHinduced brain edema, neurological deficits, and brain atrophy in an aged rat model, and that the optimal dose of DFX is Ͼ10 mg/kg. 12 The present study used 50 mg/kg to determine the therapeutic time window and optimal therapeutic duration for DFX. We chose 50 mg/kg dose for this study because DFX doses of 50 mg/kg and 100 mg/kg produce the same protection. 12 The intervals between doses (12 hours after loading doses) was based on the half-life of DFX, which is Ϸ3 hours after intravenous infusion. 15 We determined the therapeutic time window for DFX in aged male rats. For brain edema measurement, deferoxamine treatment started at 2, 4, 12, or 18 hours after ICH. Acute brain edema was measured at day 3 after ICH. Brain edema develops within minutes after an ICH, peaking several days later. 16, 17 Edema development after ICH can elevate intracranial pressure and cause herniation and death. 18 In experimental models, perihematomal edema peaks at approximately the 
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third or fourth day after the hemorrhage and then declines slowly. 13, 19, 20 Evidence suggests that iron has an important role in perihematomal edema formation. For example, iron accumulation occurs in the perihematomal zone within 24 hours after ICH, and intracerebral injection of iron results in brain edema. 4, 21 DFX can attenuate brain edema in the perihematomal zone in both young and aged rats. 8, 12 In the present study, the therapeutic time window of DFX for acute edema was 12 hours. This result is supported by one of our previous studies. In that study, DFX treatment, when begun within 6 hours, attenuates perihematomal brain edema 3 days after ICH, but treatment delayed 24 hours failed to reduce brain edema in young rats. 8 To avoid potential side effects and to reduce the cost of treatment, we examined the optimal duration for DFX (ie, when DFX treatment can be stopped without affecting efficacy). Although our initial experiments indicated the time course of iron release from the hematoma, 4 directly correlate with the timing of iron toxicity. Thus, with time, there is an upregulation in endogenous iron chelators after ICH that may limit iron toxicity and limit the need for DFX for extended time points. However, the delayed DFXinhibitable tissue atrophy suggests that DFX should be maintained for a long duration. Therefore, in these experiments, we compared DFX efficacy when administered for 2, 5, 7, and 14 days. We evaluated brain atrophy at 2 months because brain atrophy after ICH develops gradually and peaks between 1 and 2 months in young rats. 9 We found that systemic treatment of 50 mg/kg DFX (begun 2 hours after onset) lasting for 7 days or 14 days significantly reduced ICH-induced brain atrophy and improved behavioral outcomes after ICH. We propose, at least in this animal model, 7 days as the optimal treatment duration because DFX treatment for 14 days causes significant body weight loss in aged rats. We hypothesized that the therapeutic time window for brain atrophy reduction might be longer than that for reducing brain edema. Brain atrophy with prolonged neurological deficits was associated with iron accumulation in brain tissue. For brain atrophy measurement, DFX therapy was initiated at 2, 4, 12, 24, or 48 hours after ICH. Our current data showed that DFX (50 mg/kg dosage for 7 days), when begun within 24 hours after ICH induction, attenuated neurological deficits and brain atrophy. However, DFX treatment with a 48-hour delay failed to reduce brain damage. These results suggest the therapeutic time window for brain atrophy and functional outcome is 24 hours in aged rats. It should be noted that it is dangerous to impute ICH therapeutic time windows from cerebral ischemia studies. The mechanisms involved are very different (eg, there is no ischemia in our ICH animal models 3, 22 ). Thus, it is possible, and our results would indicate, that treatment for ICH might be given at time points much later than would be efficacious in ischemic stroke. The difficulty in getting stroke patients to the hospital soon after ictus means that it is important to know whether DFX has a long therapeutic time window.
Our previous study demonstrated that forelimb placing correlates with brain edema formation during the acute phase of ICH. In this study, we found a weak correlation between behavioral deficits and delayed brain atrophy. DFX reduces brain edema, brain atrophy, and behavioral deficits, and we recently we found that DFX can reduce neuronal death in a rat model of ICH. 10 The causal interplay between these different elements of ICH-induced brain injury is still uncertain (eg, does neuronal death lead to brain edema or does brain edema exacerbate neuronal death). The time window for DFX treatment of neurological deficits and brain atrophy was longer than that for treating brain edema, but this might reflect the sensitivity of our assays.
Although it might be expected that increasing dose would increase protection, it should be noted that this is not the case for all drugs 23 and that DFX at high concentrations is not without side effects. DFX may cause hypersensitivity reactions, systemic allergic reactions, and some serious adverse events, including significant hypotension and marked body weight loss. Thus, as well as examining whether DFX reduces ICH-induced brain injury, we examined the incidence of side effects, including body weight loss and hypotension. Our results demonstrated that no dose of DFX used in this study caused hypotension, but prolonged DFX treatment can cause body weight loss. Although the causes of DFX-induced body weight loss are still unknown, DFX has side effects on digestive system including abdominal discomfort and nausea.
CONCLUSION
In summary, systemic administration of DFX reduced ICHinduced brain edema, neurological deficits, and brain atrophy in aged rats. Optimal durations and therapeutic windows might reasonably be estimated from these data. Potential therapeutic windows appear to be substantially longer than have been typical of preclinical studies of neuroprotection interventions after cerebral ischemia. 24 A phase I clinical trial called Safety and Tolerability of Deferoxamine in Acute Cerebral Hemorrhage is ongoing. The information generated in this article may be useful for that, and future, DFX trials. 
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